The minimum requirements for standards when quantifying trace elements in plastics by X-ray fluorescence (XRF) have been investigated. The fundamental parameters method, backed up by one or more standards, is used to translate XRF intensities into quantitative information about trace element concentrations. The method includes accounting for variations in sample thickness using scattered radiation. Of course, the method works best if the standards contain certified values of all of the trace elements of interest in a matrix identical to the unknown. However, we have had reasonable success using only a single element from a plastic standard as a calibrant. The presence of uncertified and uncalibrated elements in both the standards and the unknowns can also have a significant affect on the results, depending on how such elements are treated in the fundamental parameters method. We have also investigated using standards based on a different matrix than the unknown, such as polyvinyl chloride standards for analyzing various other plastic resins and water-based standards for analysis of trace elements in oil. Standard deviations are typically 10% to 15% relative when all elements are calibrated from a standard, and up to 20% when minimum use is made of standards.
INTRODUCTION
European Union Directive 2002/95/EC (also known as the RoHS directive) and similar directives in many other countries have generated considerable interest in the quantitative analysis of trace elements in plastic resins and other light element matrices. RoHS limits the use of Cd, Pb, Hg, Cr6+, and Br in PBB and PBDE fire retardants in components comprising consumer electronics and electrical goods. Target levels in a given homogeneous material found in a product component are < 1000 ppm for Pb, Hg, Cr6+, and Br and < 100 ppm for Cd. A previous study outlined a method for accomplishing this using fundamental parameters calculations including correcting for the thickness of the material using scattered radiation [1] . The experience gained in the previous work indicated that standards could be used in several ways and that the particular standard(s) chosen and the way they are used is critical to successful results. This work investigates what results can be obtained using only the minimum possible set of standards and relying more heavily on the fundamental parameters calculations. Others have investigated more empirical methods using a complete set of standards [2] . For a comparison of different XRF methods and their relation to atomic spectroscopy see Nakano and Nakamura [3] .
CALIBRATION METHOD
The calibration method used here is taken from the KIMS method of LaChance [4] . It is based on the equation
where C i is the analyte concentration, K i is a calibration constant, I i is the net intensity from the analyte, M i is an interelement matrix effect, and S i accounts for specimen preparation effects.
In practice, specimen preparation effects are ignored since they cannot be controlled and are not usually known in sufficient detail. They are included in the uncertainties presented in the present work (see the measurements section below), but no attempt is made to compensate for them. The interelement matrix effect is calculated from fundamental parameters and the calibration constant is determined using one or more standards. Note that the matrix effect is a function of the composition of the specimen, which must be known completely for accurate calculation. If it is calculated accurately, then the calibration constant is independent of specimen composition and only depends on the measurement conditions (including the instrument geometry).
The calibration constant is normally determined by measuring the same analyte in a standard with known composition and having a matrix similar to the unknown under consideration. It can also be calculated from fundamental parameters [5] . However, there are two limitations to using this approach. The first is that the geometric factor (and perhaps other factors) for the instrument are generally not known to sufficient accuracy. The second limitation is that many of the factors in the intensity calculation using fundamental parameters cancel when using a standard with the same element as the analyte in the unknown. Such factors do not cancel when the calibration constant is calculated using the fundamental parameters equations.
In this work, at least one calibration constant (for one element) is determined using a standard in the usual way. However, there are often analytes in the unknowns that are not in the standard, e.g. plastic materials. The calibration constants for these elements are calculated from fundamental parameters. The geometry factor and other instrument parameters are taken from the elements that are calibrated using the standard. This is accomplished by the simple method of multiplying the intensities calculated via fundamental parameters by a correction factor. The correction factor is an average of the ratio of measured to calculated intensities for all elements in all standards. This allows a calibration constant to be obtained for any analyte as long as there is at least one standard with one measured element. The main point of this work is to determine how well the method works when only one element from a standard is used to calibrate the results for all elements in the unknown.
MEASUREMENTS
All samples were well-characterized reference materials intended for use as standards and having certified compositions available (Table I ). All were treated as unknowns except for one spectrum used as a standard. All were measured as received. Some materials were received as pellets that were poured into 31 mm sample cups. The liquids were also poured into cups with a conical insert for bubble suppression. Discs were presented to the instrument directly. One sample, NMIJ 8106A, consisted of two discs each with a thickness of 2 mm. One was thinned by milling away half of the thickness over half of the disc area. This allowed measurements of this material at thicknesses of 1, 2, 3, and 4 mm by stacking. Each material was measured in at least three and up to seven locations. The various locations were included in the statistical summaries without correction. Thus, the standard deviations reported include some inhomogeneity effects. The specimens were measured on an EDAX Eagle III XRF instrument with a Rh anode X-ray tube and a Si(Li) detector with 80 mm 2 active area. The X-ray tube was operated at 42 kV and 0.9 mA. The only optics in the primary beam were a 2 mm diameter collimator and a 125 µm Nb filter (plastics only). The larger beam diameter was chosen to reduce inhomogeneity effects. The Nb filter reduced the Rh lines that interfere with the Cd lines, reducing the minimum detection limit and improving the counting uncertainty for Cd. Measurements were made for 600 live seconds in a vacuum atmosphere for the plastics and in air for the liquids.
RESULTS
Results of using the method presented above for the oil and water matrices are given in Table II . The last column in particular includes results where the analyte matrix is oil but the standard has a water matrix. The fundamental parameters method does a credible job even in this challenging case. The means and standard deviations are computed from the relative errors with respect to the certified compositions and are reported in percent. The results for the set of trace elements in plastic resins are given in Table III . The center column gives the results for a conventional calibration where each element (except Se) is calibrated using the same element in the standard. This is the best that could be expected for the case where fewer elements in the standard are used. For the rightmost column, only Cl from the standard is used to obtain a calibration constant, which is used directly for the Cl determination. For the other elements, the ratio of measured intensity to calculated intensity from Cl is used to generate a calibration constant using only fundamental parameters. Results for the individual elements using both of these methods are given in Table IV . 
CONCLUSION
The fundamental parameters method can make cross-element corrections for trace element calibration within similar matrices for elements that are not present in the standard. At least one element in one standard is required to obtain the geometric and other factors for the instrument.
Relative error standard deviations of about 10% to 15% are obtained in this case. For the case where the standard and unknown have different (light element) matrices, such as oil versus water or different plastic resins, relative error standard deviations are about 20%. For determination of restricted elements, such as those covered by the RoHS directive, the relative errors are more than adequate even with a single non-matrix-matched standard. RoHS only requires that the element be below a certain level, so slightly larger relative errors only serve to slightly lower the level that must be met to insure compliance.
The presence of uncertified (and sometimes unknown) amounts of elements not covered by the environmental directives complicates the use of some standards. When a minimal set of
